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String Models, Stability and Regge Trajectories for Hadron States
German Sharov1, ∗
1Tver state university, 170002, Sadovyj per. 35, Tver, Russia
Various string models of mesons and baryons include a string carrying 2 or 3 massive points (quarks
or antiquarks). Rotational states (planar uniform rotations) of these systems generate quasilinear
Regge trajectories and may be used for describing excited hadron states on these trajectories. For
different string models of baryon we are to solve the problem of choice between them and the stability
problem for their rotational states. An unexpected result is that for the Y string baryon model these
rotations are unstable with respect to small disturbances on the classical level. This instability has
specific feature, disturbances grow linearly, whereas for the linear string baryon model they grow
exponentially and may increase predictions for baryon’s width Γ.
The classical instability of rotational states and nonstandard Regge slope are the arguments
in favor of the stable simplest model of string with massive ends both for baryons and mesons.
Rotational states of this model with two types of spin-orbit correction are used to describe Regge
trajectories for light, strange, charmed, bottom mesons and for N , ∆, Σ, Λ and Λc baryons.
Keywords: String hadron models, rotational states, instability, Regge trajectories.
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I. INTRODUCTION
In string models of mesons and baryons [1–11] shown in
Fig. 1 the Nambu-Goto string (relativistic string) simu-
lates strong interaction between quarks at large distances
and QCD confinement mechanism. This string has lin-
early growing energy with constant energy density equal
to the string tension γ.
Such a string with massive ends [2] may be regarded as
the meson string model in Fig. 1a or the quark-diquark
model q-qq [5] in Fig. 1b (on the classic level these models
coincide). Other string models of baryons are [3]: (c)
the linear configuration q-q-q [10], (d) the “three-string”
model or Y configuration [3, 9, 11], and (e) the “triangle”
model or ∆ configuration [6, 9].
For all cited string hadron models one can use rota-
tional states of these systems (classical planar uniform
rotations) to describe quasilinear Regge trajectories for
mesons and baryons [4–8]. In the limit of large energies
E for a rotational state the angular momentum J of this
state behaves as J ≃ α′E2 for any model in Fig. 1. For
the meson and baryon models in Fig. 1a, b and c the slope
α′ and the string tension γ are connected by Nambu re-
lation [1] α′ = (2πγ)−1. So, if we use these models with
the same type of strings (the fundamental string), we can
naturally describe baryonic and mesonic Regge trajecto-
ries with the same experimental slope α′ ≃ 0.9 GeV−2.
Rotational states of the string baryon model Y
(Fig. 1d) demonstrate the Regge asymptotics with the
slope [4] α′ = 1/(3πγ). To obtain the experimental
value α′ ≃ 0.9 GeV−2 we are to assume that the ef-
fective string tension γY in this model differs from the
fundamental string tension γ in models in Figs. 1a – c and
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FIG. 1: String models of mesons and baryons
equals γY =
2
3
γ [4, 7].
The string baryon model “triangle” or ∆ encounters
the similar problem. For describing Regge trajectories
with the so called triangle rotational states [6] we are to
take another effective string tension γ∆ =
3
8
γ [4, 7].
To choose the most adequate string model of a baryon
one should analyze the stability problem for rotational
states of these models. Stability of classical rotational
states with respect to small disturbances for the models
in Fig. 1 was studied in numerical experiments [9] and
analytically [10, 11]. Rotational states for some models,
in particular, for the linear model and the Y configuration
appeared to be unstable. This fact is very important for
applications of these models in hadron spectroscopy.
Note that instability of classical rotations for some
string configuration does not mean that the considered
string model must be totally prohibited. All excited
hadron states (objects of modelling) are resonances, they
are unstable with respect to strong decays. So they have
2rather large width Γ. If classical rotations of a string
configuration are unstable and this instability has a char-
acteristic time scale tinst, it gives the additional contri-
bution Γinst ≃ 1/tinst to width Γ. This effect can re-
strict applicability of some string models, if the value
Γinst predicted by this model essentially exceeds experi-
mental data for Γ [10].
In this paper we describe dynamics of the mentioned
string hadron models and the stability problem for their
rotations in Sect. II. In Sect. III string models with sta-
ble rotational states are applied to Regge trajectories for
mesons and baryons.
II. DYNAMICS AND STABILITY OF STRING
HADRON MODELS
Dynamics of an open or closed string carrying n = 2
or 3 point-like masses m1, m2, . . . mn (the models in
Figs. 1a – c or e) is determined by the action [4, 6, 10]
A = −γ
∫
D
√−g dτdσ −
n∑
j=1
mj
∫ √
x˙2j (τ) dτ. (2.1)
Here γ is the string tension, g is the determinant of
the induced metric gab = ηµν∂aX
µ∂bX
ν on the string
world surface Xµ(τ, σ) embedded in Minkowski space
R1,3, ηµν = diag(1,−1.− 1,−1), the speed of light c = 1,
the domain D =
{
(τ, σ) : τ ∈ R, σ1(τ) < σ < σn(τ)
}
for the models in Figs. 1a – c (or with σ0 < σ < σn for
the closed string), world lines of massive points are
xµj (τ) = X
µ(τ, σj(τ)), j = 1, . . . , n.
Equations of motion for these string models result from
the action (2.1). Without loss of generality [4, 6] we
choose coordinates τ , σ satisfying the orthonormality
conditions on the world surface
(∂τX ± ∂σX)2 = 0. (2.2)
Under these conditions the equations of motion are re-
duced to the string motion equation
∂2Xµ
∂τ2
− ∂
2Xµ
∂σ2
= 0, (2.3)
and equations for two types of massive points: for end-
points
mj
d
dτ
x˙µj (τ)√
x˙2j (τ)
+ ǫjγ
[
X
′µ + σ˙j(τ) X˙
µ
]∣∣∣∣
σ=σj
= 0 (2.4)
(here ǫ1 = −1, ǫn = 1) and for the middle point in the
model q-q-q or for all points on a closed string
mj
d
dτ
x˙µj (τ)√
x˙2j(τ)
+ γ
[
X
′µ + σ˙j(τ)X˙
µ
]∣∣∣
σ=σj−0
− γ
[
X
′µ + σ˙j(τ)X˙
µ
]∣∣∣
σ=σj+0
= 0, (2.5)
Here X˙µ ≡ ∂τXµ, X ′µ ≡ ∂σXµ, the scalar product
(ξ, ζ) = ηµνξ
µζν .
For the open string with n = 2 or 3 masses (the models
in Figs. 1a – c) rotational states are uniform rotations of
a rectilinear string segment. The correspondent solution
of Eqs. (2.2) – (2.5) may be presented in the form [9, 10]:
Xµ(τ, σ) = Ω−1
[
θτeµ0 + cos(θσ + φ1) · eµ(τ)
]
. (2.6)
Here we fixed conditions at the ends in Eqs. (2.4) [4]:
σ1(τ) = 0, σn(τ) = π, σ ∈ [0, π], (2.7)
Ω is the angular velocity, e0, e1, e2, e3 is the orthonormal
tetrade in Minkowski space R1,3,
eµ(τ) = eµ1 cos θτ + e
µ
2 sin θτ (2.8)
is the unit rotating vector directed along the string. Val-
ues θ (dimensionless frequency) and φ1 are connected
with the constant speeds vj of the ends
v1 = cosφ1, vn = − cos(πθ + φ1), mjΩ
γ
=
1− v2j
vj
.
In the q-q-q system the central massive point is at rest (in
the comoving frame) at the rotational center. Its inner
coordinate is σ2 = (π − 2φ1)/(2θ) = const.
In Refs. [9, 12] we analyzed stability of the rotational
states (2.6) for the string with massive ends (Fig. 1a, b).
These states appeared to be stable with respect to small
disturbances.
For the linear string baryon model q-q-q the stabil-
ity problem for the states (2.6) was solved in numer-
ical experiments [9] and analytically [10]. Analysis in
Ref. [10] demonstrated that the rotational states (2.6)
for this system are unstable, because an arbitrary dis-
turbed rotation has complex (imaginary) frequencies in
its spectrum. They correspond to exponentially growing
modes of small disturbances:
δXµ ∼ exp(t/tinst). (2.9)
Calculations of the characteristic time tinst and its recip-
rocal Γinst ≃ 1/tinst in Ref. [10] showed that the value
Γinst for the model q-q-q strongly depends on energy E of
the rotational state. We are to compare this value with
the experimental width Γ corresponding to strong decays
of a baryon. In string models these decays are described
as string breaking with probability or width Γ = Γbr,
proportional to the string length ℓ [13, 14].
In Ref. [10] we estimated the total width, predicted by
the baryon model q-q-q as Γ = Γbr +Γinst in comparison
with experimental data for N , ∆ and strange baryons
in the mass (or energy) range 1 – 3 GeV. For E ≃ 1
GeV the contribution Γinst in total width Γ appeared to
be essentially exceeding experimental data. So we con-
cluded, that the linear string model q-q-q is unacceptable
for describing these baryon states and we should refuse
this model in favor of the quark-diquark or Y models.
3For the string baryon model Y (Fig. 1d) three
world sheets (swept up by three string segments) are
parametrized with three different functions Xµj (τj , σ)
[9, 11]. It is convenient to use different notations τ1,
τ2, τ3 for “time-like” parameters and the same symbol σ
for “space-like” parameters. These three world sheets are
joined along the world line of the junction that may be
set as σ = 0 for all sheets without loss of generality. At
this junction parameters τj are connected as follows [9]
τ2 = τ2(τ), τ3 = τ3(τ), τ1 ≡ τ.
So at the junction we have the condition
Xµ1
(
τ, 0
)
= Xµ2
(
τ2(τ), 0
)
= Xµ3
(
τ3(τ), 0
)
. (2.10)
The action of the Y configuration [9, 11] looks like
Eq. (2.1), but the first term includes three integrals along
the mentioned world sheets. So dynamical equations for
this model include the same equations (2.3)
∂2Xµj
∂τ2j
− ∂
2Xµj
∂σ2
= 0 (2.11)
under the conditions (2.2) (∂τjXj ± ∂σXj)2 = 0 on three
world sheets and also conditions (2.7) 0 ≤ σ ≤ π and
equations (2.4) for massive endpoints with ǫj = 1, σj = π
for all j = 1, 2, 3. One should substitute τ → τj , Xµ →
Xµj in Eq. (2.4) and add the relation at the junction
3∑
j=1
X
′µ
j
(
τj(τ), 0
) dτj(τ)
dτ
= 0. (2.12)
Rotational states of the Y configuration correspond to
planar uniform rotation of three rectangular string seg-
ments connected at the junction at angles of 120◦ [4, 5, 9].
These states may be described as Eq. (2.6) [11]
Xµj (τj , σ) = Ω
−1
[
θτje
µ
0 + sin(θσ) · eµ(τj +∆j)
]
. (2.13)
Here τ1 = τ2 = τ3, ∆j = 2π(j − 1)/(3θ), eµ(τ) is the
unit rotating vector (2.8) directed along the first string
segment. Below we consider the symmetric case [11]
m1 = m2 = m3, v1 = v2 = v3 (2.14)
Expression (2.13) satisfies Eq. (2.11) and conditions
(2.2), (2.4), (2.10), (2.12), if angular velocity Ω, the value
θ, constant velocities vj of the massive points are con-
nected by the relations [4]
vj = sin(πθ) =
[(Ωmj
2γ
)2
+ 1
]1/2
− Ωmj
2γ
. (2.15)
In Ref. [9] we demonstrated in numerical experiments,
that rotational states (2.13) of the Y configuration are
unstable with respect to small disturbances. This insta-
bility was investigated by G. t Hooft [15]. Here we test
this stability problem analytically.
Let us consider a slightly disturbed motion of the
model Y with a world surface Xµj (τj , σ) close to the sur-
face Xµj (τj , σ) of the rotational state (2.13) (below we
underline values, describing rotational states). For this
disturbed motion we use the general solution of Eq. (2.11)
Xµj (τj , σ) =
1
2
[
Ψµj+(τj + σ) + Ψ
µ
j−(τj − σ)
]
, (2.16)
for every world sheet. Functions Ψµj±(τ) have isotropic
derivatives with respect to their argumetns
Ψ˙2j+ = Ψ˙
2
j− = 0. (2.17)
as a consequence of the orthonormality conditions (2.2).
If we substitute Eq. (2.16) into conditions (2.10), (2.12)
and (2.4), they may be reduced to the form [11]
Ψµ1+(τ) + Ψ
µ
1−(τ) = Ψ
µ
j+(τj) + Ψ
µ
j−(τj), (2.18)
3∑
j=1
[
Ψ˙µj+(τj)− Ψ˙µj−(τj)
]
τ˙j(τ) = 0, (2.19)
Ψ˙µj±(τj ± π) =
mj
γ
[√
−U˙2j (τj)Uµj (τj)∓ U˙µj (τj)
]
.(2.20)
Here
Uµj (τj) =
Ψ˙µj+(τj + π) + Ψ˙
µ
j−(τj − π)[
2
(
Ψ˙j+(τj + π), Ψ˙j−(τj − π)
)]1/2
are velocities of massive ends. Equations (2.20) and
(2.16) determine functions Xµj (τj , σ) for world sheets if
we know velocities Uµj (τj). So we search vectors U
µ
j for
disturbed motion as small corrections to velocities Uµj for
rotational states (2.13):
Uµj (τj) = U
µ
j (τj) + u
µ
j (τj). (2.21)
Here the vectors Uµj are
Uµj (τj) = (1− v2j )−1/2
[
eµ0 + vj e´
µ(τj +∆j)
]
, (2.22)
rotating vector e´µ(τ) = −eµ1 sin(θτ) + eµ2 cos(θτ) is or-
thogonal to eµ(τ) (2.8).
We suppose that for a disturbed motions the “time”
parameters
τj(τ) = τ + δj(τ), j = 2, 3, |δj(τ)| ≪ 1, (2.23)
have small deviations δ2(τ) and δ3(τ) from τ ≡ τ1, and
also suppose disturbances uµj (τj) in Eq. (2.21) to be small
(|uµj | ≪ 1). So we omit squares of uj and δj when we
substitute the expressions (2.21) and (2.23) for disturbed
motion into dynamical equations (2.18) – (2.20) and into
equalities U2j = U
2
j = 1, resulting in relations
(
U j(τj), uj(τj)
)
= 0. (2.24)
4After this substitution we have the linearized system
(with respect to uµj , δj) including Eqs. (2.24) and the
following vector equations:
∑
±
[
Quµ1 (±)± u˙µ1 (±) + Uµ1 (±)
(
e(±), u˙1(±)
)]
=
=
∑
±
{
Quµj (±)± u˙µj (±) + Uµj (±)
(
e(±j), u˙j(±)
)
+
+
γ
m1
[
δ˙j(τ)Ψ˙
µ
j±(τ) + δj(τ)Ψ¨
µ
j±(τ)
]}
,
3∑
j=1
∑
±
{
∓ γ
m1
[
δ˙jΨ˙
µ
j±(τ) + δjΨ¨
µ
j±(τ)
]
+
+u˙µj (±)±Quµj (±)± U j(±)
(
e(±j), u˙j(±)
)}
= 0.
(2.25)
Here (±) ≡ (τ ± π), (±j) ≡ (τ ± π +∆j), the functions
Ψ˙
µ
j±(τ) =
m1Q
γc1
[
eµ0 + v1e´
µ(∓j)± c1eµ(∓j)
]
(2.26)
correspond to rotational state (2.13),
Q = θv1/c1, c1 = cos(πθ) =
√
1− v21 . (2.27)
We search oscillatory solutions of this system and
substitute the following disturbances with uµj satisfying
Eqs. (2.24)
uµj (τ) =
[
A0je
µ
0 +A
z
je
µ
3 + c1Aje
µ(τ +∆j) +
+ v−11 A
0
j e´
µ(τ +∆j)
]
exp(−iξτ), (2.28)
δj(τ) = δj exp(−iξτ), j = 2, 3 (2.29)
into the system (2.25). Projections of these equations
onto basis vectors eµ0 , e
µ(τ), e´µ(τ), eµ3 form the system
of algebraic equations with respect to the small complex
amplitudes A0j , Aj , A
z
j , δj .
These projections onto the vector eµ3 are
(ξc˜+Qs˜)(Az1 +A
z
2 +A
z
3) = 0,
(ξs˜−Qc˜)(Az1 −Azj ) = 0, j = 2, 3.
Here c˜ = cosπξ, s˜ = sinπξ. Solutions of these equations
describe 2 types of small oscillations of rotating Y con-
figuration (in e3-direction). Corresponding frequencies ξ
of these oscillations are roots of the equations
ξ/Q = cotπξ, ξ/Q = − tanπξ. (2.30)
All roots of Eqs. (2.30) are simple roots and real numbers,
therefore amplitudes of such fluctuations do not grow.
Small disturbances in the rotational plane (e1, e2) are
described by projections of Eqs. (2.25) onto 3 vectors
e0, e(τ), e´(τ). These projections form the system of 9
linear equations (with 8 independent ones among them)
with respect to 8 unknown values A0j , Aj , δj . Nontrivial
solutions of this system exist if and only if its determinant
equals zero. This equality after simplification, is reduced
to the following equation Ref. [11]:
(ξ2 − θ2)
(
ξ2 − q
2Qξ
+ tanπξ
)(
ξ2 − q
2Qξ
− cotπξ
)
. (2.31)
Here q = Q2(1 + v−21 ) = θ
2(1 + v21)/(1− v21).
We analyzed roots of this equation for complex values
ξ = ξ1 + iξ2 in Ref. [11] and concluded that all roots
of Eq. (2.31) are real numbers and form a countable set.
This behavior differs from that for the linear string model
q-q-q. In the latter case the corresponding spectral equa-
tion has complex roots (frequencies of disturbances) [10],
so these disturbances grow exponentially in accordance
with Eq. (2.9).
For the model Y the observed in Ref. [9] instability of
rotational states (2.13) has another nature. This insta-
bility results from existence of double roots ξ = ±θ in
Eq. (2.31). If we put ξ = ±θ in Eq. (2.31), not only the
first factor (ξ2− θ2), but also the second factor vanishes:
θ2 − q
2Qθ
+ tanπθ = 0.
This equality results from Eqs. (2.15), (2.27).
Double roots of Eq. (2.31) correspond to oscillatory
modes with linearly growing amplitude. If we fix fre-
quency ξ = θ and substitute small disturbances in the
form (2.28), (2.29) but with Aj + A˜jτ and δj + δ˜Ajτ in-
stead of Aj and δj into Eqs. (2.25), we can find nontrivial
solutions with linearly growing amplitude:
|uµj | ≃ |A˜1|c1τ |δj | ≃
√
3c21Q
−1
1 |A˜1|τ. (2.32)
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FIG. 2: Shape of the Y configuration and dependence of
τ2(τ ) − τ (solid line) and τ3(τ ) − τ (dashed line) on τ for
disturbed rotation
In Ref. [9] we investigated numerically disturbed rota-
tional states of the string configuration Y and observed
instability of the states (2.13). Omitting details of nu-
merical modelling (described in Ref. [9]), we demonstrate
in Fig. 2 some “photographs” of the rotating Y config-
uration with constant time intervals and dependence of
deviations τ2(τ) − τ (solid line) and τ3(τ) − τ (dashed
line) on the time parameter τ for disturbed rotational
states (2.13). Here we test the state with masses (2.14)
for θ = 0.1 and with small initial disturbance of the
component Ψ˙11±(τ). During further evolution small dis-
turbances grow, the junction moves, lengthes of three
5arms vary and at last one of massive points merge with
the junction. Numerical experiments demonstrate that
evolution of small disturbances for velocities Uµj or val-
ues τj(τ) corresponds to expression (2.32), amplitudes of
disturbances linearly grow and frequency of oscillations
(with respect to τ) is equal θ.
This behavior lets us to conclude, that rotational states
(2.13) of the string model Y are unstable, because an
arbitrary small disturbance contains linearly growing
modes of the type (2.32) in its spectrum.
If we compare these two types of instability: expo-
nential growth (2.9) of small disturbances for the linear
string model q-q-q and linear growth (2.32) for the Y
string model, we are to make the following conclusion.
Instability of the model q-q-q has the characteristic time
tinst and correspondent width Γinst ≃ 1/tinst. But for
the Y model with linear growth (2.32) we have no any
characteristic time, this corresponds to zero contribution
Γinst = 0 in the increment of instability. So instability of
rotational states (2.13) does not give an additional con-
tribution in width Γ of baryons, described with the Y
string model.
This rotational instability is not a weighty argument
against application of the Y configuration. But this
model has another drawback mentioned above, it pre-
dicts the slope α′ = (3πγ)−1 for Regge trajectories, that
differs from the value α′ = (2πγ)−1 for the string with
massive ends [4, 5]. The experimental value of Regge
slope α′ ≃ 0.9 GeV−2 is close for mesons and baryons.
So the effective value of string tension γ is to be different
for the baryon models Y and the meson model q-q.
These arguments work in favor of the quark-diquark
model (Fig. 1b) for describing baryons on Regge trajecto-
ries. In the next section we consider the common scheme
for describing these trajectories for mesons and baryons.
III. STRINGS AND REGGE TRAJECTORIES
FOR MESONS AND BARYONS
Rotational states (2.6) of the string with massive ends
were applied for describing excited mesons and baryons
on Regge trajectories in Refs. [4–8]. All mentioned au-
thors used quasilinear dependence between angular mo-
mentum J and square of energy E of a state (2.6).
Expressions for energy E (or mass M = E) and angu-
lar momentum J of a rotational state (2.6) for the string
with massive ends have the following form [4, 7]:
M = E =
πγθ
Ω
+
2∑
j=1
mj√
1− v2j
+∆ESL, (3.1)
J = L+ S =
1
2Ω
(
πγθ
Ω
+
2∑
j=1
mjv
2
j√
1− v2j
)
+
n∑
j=1
sj . (3.2)
Here sj are spin projections of massive points, ∆ESL is
the spin-orbit contribution to the energy in the following
form [4, 7]:
∆ESL =
2∑
j=1
β(vj)(Ω·sj), β(vj) = 1−(1−v2j )1/2. (3.3)
This form of the spin-orbit contribution results from the
assumption about pure chromoelectric field in the rota-
tional center rest frame [4, 5, 16]. The authors of Ref. [5]
used the alternative expression
β(vj) = 1− (1− v2i )−1/2, (3.4)
corresponding to the Thomas precession of the spins sj .
If the string tension γ, values mj and sj are fixed, we
obtain an one-parameter set of rotational states (2.6).
Values J and E2 for these states form the quasilinear
Regge trajectory with asymptotic behavior J ≃ α′E2 for
large E and J [4] with the slope α′ = 1/(2πγ).
We use the model of string with massive ends (consid-
ered as the model q-q of a meson and the quark-diquark
model q-qq of a baryon) to describe experimental data for
excited states of mesons and baryons on Regge trajecto-
ries. For this purpose we are to choose free parameters of
the model: effective value of string tension γ and effective
masses of quarks and diquarks mj for all flavors.
This approach was developed in Refs. [4, 7], but in the
present paper we study both types of spin-orbit correc-
tion (3.3) and (3.4), use the optimization procedure for
choosing the mentioned effective values γ, mj and also
include charmed and bottom hadrons. The main prin-
ciple of this choice is to describe the whole totality of
experimental data on excited mesons and baryons [17].
At the first stage we describe main Regge trajectories
for light unflavored mesons and choose effective values of
tension γ and massmud of the lightest quarks u and d (we
suppose below that they are equal: mu = md = mud).
The results for such isovector and isoscalar mesons with
spin-orbit corrections (3.3) and (3.4) are shown in Fig. 3.
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FIG. 3: Regge trajectories with corrections (3.3) (heavy lines)
and (3.4) (thin lines) (a) for isovector mesons ρ, a, pi; (b) for
isoscalar mesons ω, f , η.
Here parameters for models with Eqs. (3.3), (3.4) are
6TABLE I: Effective values of parameters γ, mud, ms for spin-
orbit corrections (3.3) and (3.4).
Correction γ (GeV2) mud MeV ms MeV
(3.3) 0.154 231.5 369.0
(3.4) 0.1767 320.0 436.0
These values are obtained in the following optimization
procedure.
We fix a set of n mesons with masses Mk and angular
momenta Jk, k = 1, . . . , n, with the definite quark com-
position. These mesons may lie on one or on a few Regge
trajectories differing in quark spin S or isospin I. Such
a set is shown in Fig. 3, it includes 4 Regge trajectories.
For the best fitting between the model dependence
J = J(M) (3.1), (3.2) and the experimental values Mk,
Jk from the table [17] for this set of mesons we use the
least-squares method and minimize the sum of squared
deviations with positive weights ρk:
F (m1,m2, γ) =
n∑
k=1
ρk
[
Jk − J(Mk)
]2
. (3.5)
The weights ρk correspond to data or model errors,
they are fixed below in the following manner: ρk = 1
for reliable meson states from summary tables [17] with
orbital momenta L ≥ 1; ρk = 0.2 for unreliable states
with high J omitted from summary tables [17], in par-
ticular, for ρ5(2350) in Fig. 3, but ρk = 0.1 for states of
this type, that need confirmation (ω5, a6, f6); ρk = 0.2
for states with L = 0. States with L = 0, in particular,
π, ρ(770), η, ω(782) in Fig. 3 should not be described by
string models, because the string shape may correspond
only to extended hadron states with high J [1–5].
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FIG. 4: Level lines of the sum (3.5) F (mud, γ) for spin-orbit
correction (3.3) (left) and (3.4) (right).
To determine theoretical values of angular momenta
J(Mk), corresponding to masses Mk from the table
[17], we are to invert numerically the function M(Ω)
(3.1), (2.15) and substitute the function Ω = Ω(M) into
Eq. (3.2): J(Mk) = J
(
Ω(Mk)
)
. We calculate the sum
(3.5) for the mesons in Fig. 3 with both types of spin-
orbit correction (3.3) and (3.4) for different effective val-
ues γ and mud (here m1 = m2 = mud). The results of
this calculation are presented in Fig. 4 as level lines of
the function (3.5) in the (mud, γ) plane.
One can see that the sum (3.5) for the model (3.3)
reaches its minimum Fmin ≃ 0.18, if the effective pa-
rameters mud, γ are close to the values in Table I. The
similar minimum Fmin ≃ 0.94 for the model with correc-
tion (3.4) is 5 times larger. So this model is less successful
in describing these meson states (thin lines in Fig. 3).
The results in Table I are obtained with taking into ac-
count 8 leading Regge trajectories of mesons: to 4 men-
tioned above trajectories we add 4 sets of mesons with the
strange quark s. They include 2 sets of K mesons with
m1 = mud and m2 = ms, in particular, K, K1(1270),
K2(1770) with summary quark spin S = 0 and K
∗(892),
K∗2 (1430), K
∗
3 (1780), K
∗
4 (2045), K
∗
5 (2382) with S = 1.
The sets η, h1(1380), η2(1870) with S = 0 and φ(1020),
f ′2(1525), φ3(1850) with S = 1 are supposed to be s-s
mesons: m1 = m2 = ms. The weights ρk in Eq. (3.5) are
determined as mentioned above, for example, ρk = 0.2
for K, K∗(892), . . . h1(1380), ρk = 0.1 for K
∗
5 and η2.
The sum (3.5) for these 8 Regge trajectories with 32
mesons depends on 3 parameters: F = F (mud,ms, γ).
The minimal values Fmin ≃ 0.301 for the model (3.3)
and Fmin ≃ 1.267 (4 times larger) for the case (3.4) are
reached, if these 3 parameters take the values in Table I.
for the model (3.3) these values differ from the effective
parameters used in Ref. [4] γ = 0.175 GeV2, mud = 130
MeV,ms = 270 MeV. The values from Table I essentially
diminish the sum F (mud,ms, γ).
Description of 4 Regge trajectories of mesons with s
quark is presented in Fig. 5. Here we use the same nota-
tions: heavy solid lines for the case (3.3) S = 1, dashed
lines for S = 1, thin dash-dotted and dotted lines for the
case (3.4). One can see, that the model with spin-orbit
contribution (3.3) demonstrate better agreement.
If parameters γ, mud, ms of the model are fixed in
Table I, we can determine the best valuemc of c quark for
describing D mesons and charmonium states. They form
6 Regge trajectories: D, D1(2420), D
∗, D∗2(2460) are
charmed analogs of K and K∗ mesons; Ds, Ds1(2536),
D∗s , D
∗
s1(2573) are their partners cs or sc; ηc, hc(1P ),
J/ψ, χc2 are cc states. As stated above we take ρk = 0.2
for mesons with L = 0 and ρk = 1 for L = 1. Under
these circumstances we minimize the function (3.5) F =
F (mc) of one argument and obtain the optimal values
mc in Table II for both considered models with spin-orbit
corrections (3.3) and (3.4).
TABLE II: Effective values of parameters mc, mb.
Correction mc GeV mb GeV
(3.3) 1.5372 4.818
(3.4) 1.5322 4.8198
Six Regge trajectories for charmed mesons are pre-
sented in Fig. 5. Note that for them we used only one
7fitting parameter mc, but all trajectories are described
rather well in both models with Eqs. (3.3) and (3.4).
The similar approach to bottom mesons B, B∗, Bs,
B∗s , Υ, χb2(1P ) with substitution c for b quark results in
the optimal values mb for bottom quark in Table II and
corresponding Regge trajectories for bottom mesons in
Fig. 5. Here we use the notations of Fig. 3, in particular,
thick lines correspond to spin-orbit correction (3.3). This
model has advantage in comparison with the case (3.4)
(thin lines) for mesons with strange quark s. For charmed
and bottom mesons this advantage becomes inessential.
Both models are successful in describing charmonium
states, but they work worse for bottomonium.
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FIG. 5: Regge trajectories for strange, charmed, bottom
mesons with model parameters γ, mq from Tables I, II.
The similar approach may be applied to baryons. We
mentioned above that for describing baryonic Regge tra-
jectories we are to choose the quark-diquark string model.
Only this model predicts rotational stability and natural
Regge slope α′ = (2πγ)−1 corresponding to equal exper-
imental Regge slopes α′ both for mesons and baryons.
When can apply to baryons the model of a string with
massive ends, if we determine the effective diquark mass
md = m2 (assume thatm1 is the quark mass). In the sim-
plest approach [4] we suppose that diquarks are weakly
bound systems, so a diquark mass is close to sum of two
constituent quark masses, in particular, for N and ∆
baryons md ≃ 2mud.
Another approach is widely used in string and poten-
tial quark-diquark models of baryons [5, 18, 19] and sup-
poses different diquark masses for scalar diquarks with
total spin Sd = 0 and for vector diquarks with Sd = 1.
Essential difference of these masses corresponds to strong
coupling between two quarks in a diquark. However
this mechanism remains vague, the diquark masses in
the mentioned models are used as fitting parameters.
In particular, masses m0d of the scalar [u, d] diquark
in N baryons and m1d for the vector {u, d} diquark in
∆ baryons in the potential model [19] are correspond-
ingly 710 and 909 MeV. The similar masses in the string
model [5] are m0d = 220 and m
1
d = 550 MeV. This differ-
ence requires special explanation.
The last approach may be applied to our string model
with two forms (3.3) and (3.4) of spin-orbit correction.
For this purpose we use two sets of baryonic Regge tra-
jectories with scalar and vector diquarks correspond-
ingly. For scalar diquarks we choose the main Regge
trajectory for N baryons N , N(1520), N(1680) . . . and
the corresponding trajectory for Λ baryons: Λ, Λ(1520),
Λ(1820) . . . If we use data for mesons from Table I, fix
tension γ, the mass m1 = mud or ms of a single quark
and vary the free parameter md = m
0
d, we determine the
optimal valuem0d for describing the mentioned Regge tra-
jectories with the minimal sum (3.5). The similar opti-
mal values m1d for the vector {u, d} diquark with Sd = 1
is calculated on the base of trajectories with ∆ baryons
∆(1232), ∆(1930), ∆(1930) . . . and Σ baryons Σ(1385),
Σ(1775), Σ(2030). Optimal values of these scalar and
vector diquark masses MeV are presented in Table III.
TABLE III: Diquark masses md for models (3.3) and (3.4).
Correction m0d for Sd = 0 m
1
d for Sd = 1
(3.3) 412.6 588
(3.4) 352.9 702
One can see that in the model with spin-orbit correc-
tion (3.4) optimal masses of scalar and vector diquarks
are essentially different: m1d ≃ 2m0d. This difference cor-
responds to so the similar relation between m1d and m
0
d
in Ref. [5], where the same correction (3.4) in the quark-
diquark model was used.
This difference is not so large in the model with spin-
orbit correction (3.3), the valuem0d in Table III is close to
2mud = 463 MeV. So in this model we can use not only
optimal parameters from Table III, but also md = 2mud.
Regge trajectories for the mentioned baryons are
shown in Fig. 6. The model parameters for both models
(3.3) and (3.4) are from Tables I – III. Notations are sim-
ilar to Fig. 5, but for the model (3.3) we draw predictions
with m0d = 412.6 and m
1
d = 588 MeV from Table III as
thick solid lines (for Σ baryons the solid line describes
the case with quark’s spin S = 3/2 and the thick dashed
line corresponds to S = 1/2 with s1 = −1/2, s2 = 1).
Predictions of the model (3.3) with md = 2mud = 463
MeV are described with dotted lines, predictions of the
model (3.4) with m0d and m
1
d from Table III are described
with dash-dotted lines.
We see that for main (parent) Regge trajectories forN ,
Λ baryons with S = 1/2 and for ∆ and Σ baryons with
S = 3/2 predictions of both models (3.3) and (3.4) with
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FIG. 6: Regge trajectories for baryons in models (3.3) (solid
and dotted lines) and (3.4) (thin dash-dotted lines).
mjd from Table III are very close. For ∆ and Σ baryons
with S = 3/2 these curves practically coincide.
The similar coincidence takes place for charmed Λc
baryons (only these charmed baryons form an apprecia-
ble Regge trajectory). The trajectory for Λc baryons is
used here as a test for these models, all their parameters
γ, mc, m
0
d were determined previously.
But for Σ baryons Σ, Σ(1670), Σ(1915) and ∆ baryons
∆(1700), ∆(1905) . . . the models (3.3) and (3.4) predict
different Regge trajectories, if we interpret these hadrons
as states with s1 = −1/2, s2 = Sd = 1. In this approach
only the model with correction (3.3) works successfully,
in the case (3.4) the mass correction ∆ESL appears to be
positive and too large. So we can describe these Regge
trajectories in the model (3.4) only if we suppose that
diquarks in these hadrons are scalar ones. In this case
trajectories for ∆ and Σ baryons with S = 1/2 will be
copies of trajectories for N and Λ baryons.
Dotted lines for all baryons in Fig. 6 show that the
model with correction (3.3) admits the diquark mass
md = 2mud. This assumption works rather good for
N , Λ and Λc baryons and it works worse for ∆ and Σ
baryons. Note that the model with correction (3.4) is
incompatible with the assumption md = 2mud.
IV. CONCLUSION
Different string hadron models are considered from the
point of view of their application to describing Regge
trajectories for mesons and baryons. For this purpose we
study the stability problem for classical rotational states
of these models. It is shown that these states are unstable
for the Y string baryon model (Fig. 1d). The type of this
instability differs from that for the linear string baryon
model q-q-q. For the Y configuration small disturbances
grow linearly, whereas for the linear model they grow
exponentially. This results in too large additional width
Γ of excited baryons in the linear model [10].
For the Y string baryon model we have no additional
width, but this model predicts the slope α′ = (3πγ)−1
for Regge trajectories, that differs from α′ = (2πγ)−1
for the string with massive ends [4, 5]. So for describing
both mesons and baryons with almost equal experimental
value of α′ we have to use the string with massive ends
as the meson model q-q and as the quark-diquark baryon
model q-qq.
These models with spin-orbit correction in two forms
(3.3) and (3.4) can describe main Regge trajectories for
light unflavored mesons, for K, D, Ds, B, Bs mesons,
charmonium and bottomonium states, and also for N ,
∆, Σ, Λ and Λc baryons. In this approach we use the
optimization procedure with choosing the effective string
tension γ and effective masses of quarks and diquarksmj
for all flavors (see Tables I – III).
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